Background: Lepidium meyenii Walpers (maca) is an herb known as a traditional nutritional supplement and widely used in Peru, North America, and Europe to enhance human fertility and treat osteoporosis. The secondary metabolites of maca, namely, maca alkaloids, macaenes, and macamides, are bioactive compounds, but their targets are undefined.
Background
Lepidium meyenii Walpers (maca) belongs to the brassica (mustard) family and the Lepidium genus, which grows robustly only at altitudes over 4000 m [1] . Maca has three major phenotypes, yellow, red and black, based on its hypocotyl and stem coloration [2] . The underground part of the maca is consumed as a food and as a folk medicine to enhance fertility and sexual behaviors and has multiple bioactivities [3] . Currently, maca is used in nutrition and health care products sold from Peru to North America and Europe [4, 5] . Maca contains abundant valuable nutritional ingredients [6] , such as maca alkaloids, macaenes, glucosinolates, sterols, and polyphenols, and other secondary metabolites. The maca alkaloids, especially macamides and macaenes, are the main functional constituents of maca [7, 8] . To date, 31 maca alkaloids and four macaenes have been isolated from L. meyenii. Their structures are shown below ( Table 1 ). All of the macamides, which are found only in maca, are N-benzylamides. Wu [9] synthesized 11 of the reported macamides as well as a series of structurally related amides that resemble macamides (Table 2 ). These synthesized compounds were collected in this study and used in our experiments. The biological and pharmacological effects of maca have been investigated in experimental animals such as rats [10] , mice [11] , fish [12] , and bulls [13] . Maca can enhance sexual behavior and increase sperm count [14] , improve prostate function related to testosterone enanthate (TE) levels [15] , and improve the quality of embryos [16, 17] . Maca also has beneficial effects on learning and memory in scopolamine-induced memory impairment mice [18] . Moreover, maca aqueous extract scavenges free radicals and protects cells against oxidative stress [5] .
Several in vitro/in vivo animal experimental studies have shown that secondary metabolites extracted from maca have bioactivities that help treat osteoporosis and enhance prostate function and sexual function [19] [20] [21] . However, most in vitro and in vivo experiments have not specified the molecular target of these secondary metabolites and the mechanisms of the functions of the compounds obtained from maca are unclear. The pharmacophore model is reliable for parallel screening to predict and mimic the binding situation of compounds and targets [22, 23] . This study aimed to investigate the network involved in the mechanisms of action of secondary metabolites of maca. We used the pharmacophore-based method in combination with a novel ligand shape similarity strategy and used the weighted Gaussian algorithm (WEGA).
Methods

Collection of chemical constituents
The natural constituents of maca were collected from the literature [9, [24] [25] [26] [27] [28] [29] [30] using the search terms "lepidium or maca" combined with "constitutes, compounds, chemical or metabolites. " Traditionally used maca contains a dominant pattern of secondary metabolites, particularly alkaloids and macaenes [31] . The secondary metabolite constituents from maca were evaluated to precisely predict the active compounds. A total of 47 alkaloids extracted from maca and synthetic amides were categorized into classes.
Conformer generation
All chemical structures were prepared in SD format, converted from a 2D cdx file format to 3D models, using Open Babel GUI [32] version 2.3.2 (OpenBableGUI; Chris Morley, USA). Molecular energy was minimized using the Energy Minimization module of Discovery Studio version 4.5 (DS 4.5; Accelrys Inc., San Diego, CA, USA) under the chemistry at Harvard Macromolecular Mechanics (CHARMM) force field. This survey led to the construction of the 3D multi-conformational maca compounds molecular structure database (i.e., maca-DB), which was generated by a Monte Carlo-based conformational analysis (FAST mode). These compounds are rigid; the number of conformers for each compound is much less than 255. The maca-DB contains a total of 47 constituents and 9976 conformations.
Pharmacophore model collection
In silico profiling of the maca-DB was performed using the generated 3D chemical feature-based pharmacophore models. The pharmacophore models were used to represent the binding mode of particular compounds to specific drug targets [33] . Each pharmacophore model contained several convictive chemical features that determine the chemical functionalities of a certain ligand: H-bond donors or acceptors, hydrophobic groups, aromatic nuclei, and positive or negative ionizable moieties [34] . Unlike common docking methods, pharmacophorebased virtual screening outlines the specific compounds and their multiple pharmacologic targets and determines novel actions of these compounds.
PharmaDB
PharmaDB is the only pharmacophore database implemented in DS 4.5. A total of 68,000 pharmacophores were derived from 8000 protein-ligand complexes in the sc-PDB dataset. sc-PDB is designed to identify binding sites suitable for the docking of a drug-like ligand, and 9276 three-dimensional structures of binding sites were identified using the Protein Data Bank (PDB) [35] . 
Parameters
In this study, PharmaDB was used for profiling. All pharmacophore models with the shape of the binding pocket were selected for virtual screening using the default settings of the Ligand Profiler module of DS 4.5. In principle, each alkaloid that mapped to a chemical feature of the respective pharmacophore model was counted as one hit. The screening was conducted using the default settings and with a minimal inter-feature distance of 0.5 Å.
Binding mode refinement
All the poses of the ligands mapped to the pharmacophore were preserved. A series of target-ligand pairs were selected for further examination. The selection was based on compatibility with previously reported pharmacological activities and the traditional use of maca.
Further refinement was carried in Molecular Operating Environment (MOE; Chemical Computing Group Inc., Canada) to identify the protein-ligand binding modes. Energy minimization was performed by conjugated gradient minimization with the Merck Molecular Force Field 94× (MMFF94×) until a root-mean-square deviation of 0.1 kcal mol −1 Ǻ −1 was reached.
WEGA validation
The WEGA is an accurate shape-based virtual screening method [36] . In this research, we validated the reliability of the binding model by calculating the binding efficiencies of the compounds and the original ligands of the hit targets using the shape similarity calculations function of WEGA.
The sc-PDB also provides separate MOL2 files for the ligand, its binding site, and the corresponding protein chain(s). Ions and cofactors at the vicinity of the ligand are included in the protein. This helps to evaluate the influence of ligand binding on binding site diversity for docking. MOL2 files of the hit-target protein ligands were selected to create the target-ligands database (tl-DB). WEGA validation was performed by comparing the contents of the maca-DB to those of the tl-DB.
Network construction
The Table 3 showing interactions between all mapped compounds and hit targets shows the ligand profiling results. For each target, the protein name, gene name, and pathway information were collected from the PDB, Kyoto Encyclopedia of Genes and Genomes (KEGG) [37] , and Cell Signaling Technology (CST) [38] . The target-target interactions were mapped using GeneMANIA [39] ; all targets were analyzed using Ingenuity Pathway Analysis (IPA ® ; Qiagen, Redwood City, CA, USA). All diseases related to the targets were retrieved from the Therapeutic Target Database (TTD) [40] and DrugBank database [41] . The overall compound-target-pathway networks were generated using Cytoscape, version 3.2 (Cytoscape Consortium, USA). In the graphical networks, nodes represent the compounds, targets, and related diseases. The edges linking the compound-target and target-diseases represent their relationships and are marked with two types of lines. The related diseases are marked with different colors at the nodes. The targeted diseases pathway was mapped using the KEGGscape plugin of Cytoscape, version 3.2.
Results and discussion
Evaluation of constituents
In modern drug discovery, large compound libraries are compared, and the diversity of these libraries must be analyzed [42] . The constituents collected and synthesized from maca could be divided into eight compound classes (Fig. 1) . The 40 compounds examined in this research were fished by targets (Fig. 2 ). The compounds with higher degree values were distributed across different categories, such as amide alkaloids (MA-24; 25), macaenes (MA-32; 33), and synthetic amides (MA-43; 44).
Compounds that participate in more interactions than other components have a higher bioactivity value.
Network analysis
In total, 950 models were selected for in silico screening of the maca-DB. These models belong to 125 protein targets; 87 of those targets were validated by the TTD database, were involved in 60 pathways, and were targets of 41 maca constituents. As shown in Fig. 2 , we chose three major disease areas (prostate cancer, osteoporosis, and kidney diseases) to validate the traditional medical action and the fished maca compounds.
Interpreting the mechanisms of action
An array of well-defined in-house structure and ligandbased pharmacophore models was selected from PharmaDB. For the profiling results, all biological functions of hit targets were annotated from TTD and DrugBank. The identified targets had variable pharmacologic usages, such as the treatment of osteoporosis (8 targets), prostate disease (9 targets), and kidney disease (11 targets). Some targets were related to cardiovascular diseases (CVD), such as hypertension, myocardial infarction, ischemic heart disease, and dyslipidemia (29 targets). Figure 3 and Table 3 provides an overview of the selected targets in the four categories of disease mentioned above. A total of 125 targets were mapped, and the IPA analysis indicated that 107 of them have been used to make drugs. The druggable list is presented in Additional file 1.
WEGA validation
The WEGA is suitable for large-scale parallel screening of a series of bioactive compounds; regardless of the conformations of the compounds, their targets can be experimentally determined. The results determined by shape showed that all binding models obtained with DS 4.5 had a high ligand-receptor structure binding value: all scores were above 0.5 (Additional file 2). Important molecular superimposition images are shown in Fig. 4 .
Selected targets related to prostate cancer
All the gene interactions of these targets were analyzed using GeneMANIA ( Fig. 5 ; Additional file 3). Epidemiological studies have found that consumption of maca could reduce the risk of prostate cancer, which might be associated with aromatic glucosinolate content [7, 8] . Animal experiments in mice [43] and rats [7, 44, 45] showed that maca reduced TE level in a dose-dependent manner and induced prostatic hyperplasia. Red maca aqueous extracts can also reduce ventral prostate size in normal and TE-treated rats [7] . In this study, nine targets annotated by the TTD database were related to prostate cancer. One of the most common targets used in the treatment of prostate diseases is the androgen receptor (AR). In some cell types, testosterone is converted by 5-alpha-reductase into dihydrotestosterone, which is an even more potent agonist for AR activation than testosterone [46] . AR is a sequencespecific DNA-binding protein involved in cellular a All drug information was obtained from IPA analysis and Drugbank proliferation in prostate cancer and in the development of secondary sexual characteristics through activation by dihydrotestosterone [47] . AR is also involved in the regulation of the adhesion of prostate cancer cells to the extracellular matrix and to the invasion of prostate cancer cells through its influence on the expression of specific integrin subunits [48] . There is increasing evidence that the genus Lepidium could reduce the risk of prostate cancer development [49, 50] . Research also suggests that other cruciferous plants from the genus Lepidium could be used as important alternative treatments for prostate diseases [51] . Growth of the prostate is a hormonemediated phenomenon regulated by both androgens and estrogens [52] . A recent report indicates that maca's effect on ventral prostate size may partly be a result of the action of glucosinolate metabolites on AR [28] . In this study, AR was fished by MA-4, MA-24, and MA-44 ( Fig. 5a ).
Stromelysin-1, also known as matrix metalloproteinase-3 (MMP-3), is an enzyme that activates other targeted matrix metalloproteinases (MMPs): MMP-9, MMP-12, and MMP-13 [53] . The expression of MMPs is primarily regulated at the level of transcription, where the promoter of the gene responds to various stimuli, including growth factors, cytokines, tumor promoters, and oncogene products [54] . MMPs are associated with various physiological and pathological processes, such as morphogenesis, angiogenesis, tissue repair, cirrhosis, arthritis, and metastasis [55] . MMPs also play a significant role in the development and metastasis of prostate cancer [56] . In particular, MMP-9 has been shown experimentally to be involved in prostate cancer [57] . These four targets share similar protein domains and were fished by MA-18, MA-25, MA-44, and MA-45 (Fig. 5b) .
Proto-oncogene tyrosine-protein kinase Src (c-Src) is a non-receptor tyrosine kinase protein that may be involved in cancer progression by promoting other signals [58] . C-Src is highly expressed in malignant prostate cells [59] . When primary prostate cells were treated with a c-Src inhibitor in vitro, their proliferation, migration, and invasive potential were reduced [60] .
As c-Src is a solid druggable target, several c-Src tyrosine kinase inhibitors have been utilized therapeutically [61] . Dasatinib has been approved for the treatment of chronic myeloid leukemia [62] , which is an Src family inhibitor. Based on the binding results of those compounds that fished c-Src, we can predict that MA-24 and MA-25 may be pharmacologically similar to Dasatinib.
Selected targets related to kidney diseases
Renal tubular acidosis (RTA) is a metabolic acidosis caused by impaired excretion of acid by the kidney. Carbonic anhydrase II (CA2) is one of the 14 forms of human α carbonic anhydrases and the one with the highest catalytic activity. The physiological functions of CA2 include pH regulation, CO 2 and H 2 CO 3 transport, and maintenance of H 2 O and electrolyte balance. CA2 deficiency syndrome can lead to osteoporosis, RTA, and cerebral calcification.
In inherited CA2 deficiency, isolated proximal RTA presents with osteoporosis (owing to impaired osteoclast function), cerebral calcification, and variable levels of mental retardation. Although this form of inherited RTA is clinically more proximal, it can also present with a mixed proximal and distal phenotype, which reflects the presence of CA2 in cells all along the renal tubule. CA2 was fished by MA-18, MA-24, MA-38, MA-44, and MA-45 (Fig. 5c) . Kidney status directly affects the reproductive function, especially sexual behavior. Oral administration of a purified lipidic extract from maca could enhance sexual behavior by increasing the number of complete intromissions in normal mice and decreasing the latent period of erection in erectile dysfunction male rats [63] .
Selected targets related to osteoporosis
Osteoporosis is a skeletal fragility disorder and is common in elderly people. Its prevalence is increasing as more individuals are developing low bone mineral density [64] . The edible part of maca, the hypocotyl, has been widely used to treat osteoporosis [65] . Ethanol extract of maca has anti-osteoporotic activity and indicated maca alkaloids, steroids, glucosinolates, isothiocyanates, and macamides are probably responsible for its biological functions [19] .
Estrogen receptor α (ER-α) binds to estrogens and regulates bone homeostasis and prevents postmenopausal bone loss [66, 67] . Estrogen deficiency is a major determinant of bone loss in postmenopausal women [68, 69] . In one ovariectomized rats experiment, ER-α was the predominant ER form expressed in mesenchymal stem cells [70] . Co-expression of ER-α with other genes indicates its activator function in the osteogenic differentiation of mesenchymal stem cells, which causes osteoporosis [71] . Estradiol, estrone, and raloxifene bind to the alpha receptor. However, because the ER's helix 12 domain plays a crucial role in determining its interactions with co-activators and co-repressors, different ER combinations may respond differently to various ligands, which may translate into tissue selective agonistic and antagonistic effects [72, 73] . For example, tamoxifen is an antagonist in the breast and is used as a breast cancer treatment, but it is an ER agonist in bone and therefore prevents osteoporosis [69] . Recent studies have suggested that maca contains phyto-estrogens, which may have estrogenic activity [74, 75] . We found that three compounds were connected to ER: MA-19, MA-24, and MA-25 ( Fig. 5d) . Enzymatic cleavage by MMPs is involved in the destruction of articular cartilage, and the high expression of MMP-9 and MMP-13 could be detected in pathologic synovium and cartilage samples [76] . Several natural substances containing maca extract tested in vitro are effective agents, as evidenced by the strong regulation of MMP-9 and MMP-13 [77] . In osteoclast migration, MMPs control the cellmatrix interactions required in the model of osteoclast recruitment in primitive long bones [78] . As classical anti-osteoporotic agents, bisphosphonates are involved in the inhibition of the functions of several MMPs (MMP-3, -9, -12, and -13), which were mapped in this virtual screening.
Prediction of the function of maca compounds in the treatment of cardiovascular diseases
A total of 29 targets related to CVD were mapped. Maca could be used in the treatment of CVD characterized by atherogenic lipoprotein profile, and showed relevant angiotensin I-converting enzyme inhibitory activities, indicating potential anti-hypertension activity; however, the mechanisms of these activities are still to be clarified. This result indicated that maca might have significant potential for the treatment of CVD. Kinase activity mediated by mitogen-activated protein kinase 14 (MAPK14), also called p38α, has been identified in many tissues [79] . p38α is mainly activated through MAPK kinase kinase cascades and exerts its biological function via downstream substrate phosphorylation [80] . Pharmacological and genetic inhibition of p38α has revealed its biological significance regarding physiological functions and its potential for targeting p38α in human diseases, especially CVD [81] [82] [83] . MAPK14 activity regulates myocyte cytokinesis and promotes cell-cycle exit during maturation in the newborn mouse heart [84] . MAPK14 has also been associated with cell-cycle arrest in mammalian cardiomyocytes [85] , and its inhibition might be a strategy to promote cardiac regeneration in response to injury [86] . Furthermore, MAPK14 promoted myocyte apoptosis and cardiomyocyte hypertrophy, and targeted IRS-1-mediated Akt signaling and promoted myocyte death under chronic insulin stimulation in vitro [87, 88] .
Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptor proteins [89] , including PPARα, PPARδ, and PPARγ, whose ligand and DNA-binding domains share 60-80 % homology [90, 91] . PPARs are widely expressed in the vasculature, myocardium, and the immune cells, such as monocytes and macrophages [92] . Additionally, PPAR-retinoid X receptor heterodimers repress CLOCK/BMAL1 gene expression [93] . Hence, PPARs could regulate the expression of a series of genes involved in metabolism that impact cardiovascular physiology [94] . Different PPAR isoforms are observed in various cardiovascular pathologies, such as atherosclerosis, hypertension, and cardiac hypertrophy [95] . Both PPARα and PPARγ are expressed in endothelial cells, vascular smooth muscle cells, and monocytes/macrophages [96, 97] . In atherosclerosis, activation of these two proteins reduces leukocyte recruitment and cell adhesion [98] . Both regulate cytokine-induced genes (such as VCAM-1 and tissue factor), and PPARα and PPARγ inhibit the expressions of tumor necrosis factor-α and MCP-1, respectively [99] . PPARδ activation decreases the expressions of MCP-1, ICAM-1, and inflammatory cytokines and attenuates atherosclerosis development [100] .
The potential use of PPAR agonists and dual PPAR agonists, including PPARα/γ, PPARα/δ, and PPARδ/γ dual agonists, in the treatment of CVD has recently received attention [101] . Compounds that are capable of targeting more than one PPAR isotype and are effective at treating CVD have emerged as an interesting and efficient treatment approach. Both MAPK14 and PPARs are related to a series of maca compounds (Table 4) .
Conclusion
In silico target fishing identified maca's traditional effects on treatment and prevention of osteoporosis, prostate cancer, and kidney diseases, and its potential function of treating cardiovascular diseases, as the most important of this herb's possible activities.
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